Dominant mutations in cytoplasmic dynein (Loa or Cra) have been reported to provoke selective, age-dependent killing of motor neurons, while paradoxically slowing degeneration and death of motor neurons in one mouse model of an inherited form of ALS. Examination of Loa animals reveals no degeneration of large caliber ␣-motor neurons beyond an age-dependent loss (initiating only after 18 months) that was comparable in Loa and wild-type littermates. Absence of Loa-mediated ␣-motor neuron loss contrasted with dramatic, sustained, mutant dynein-mediated postnatal loss of lumbar proprioceptive sensory axons, accompanied by decreased excitatory glutamatergic inputs to motor neurons. In mouse models of inherited ALS caused by mutations in superoxide dismutase (SOD1), mutant dynein modestly prolonged survival in the one mouse model with the most extensive motor neuron loss (SOD G93A ) while showing marginal (SOD G85R ) or no (SOD G37R ) benefit in models with higher numbers of surviving motor neurons at end stage. These findings support a noncell autonomous, excitotoxic contribution from proprioceptive sensory neurons that modestly accelerates disease onset in inherited ALS.
Dominant mutations in cytoplasmic dynein (Loa or Cra) have been reported to provoke selective, age-dependent killing of motor neurons, while paradoxically slowing degeneration and death of motor neurons in one mouse model of an inherited form of ALS. Examination of Loa animals reveals no degeneration of large caliber ␣-motor neurons beyond an age-dependent loss (initiating only after 18 months) that was comparable in Loa and wild-type littermates. Absence of Loa-mediated ␣-motor neuron loss contrasted with dramatic, sustained, mutant dynein-mediated postnatal loss of lumbar proprioceptive sensory axons, accompanied by decreased excitatory glutamatergic inputs to motor neurons. In mouse models of inherited ALS caused by mutations in superoxide dismutase (SOD1), mutant dynein modestly prolonged survival in the one mouse model with the most extensive motor neuron loss (SOD G93A ) while showing marginal (SOD G85R ) or no (SOD G37R ) benefit in models with higher numbers of surviving motor neurons at end stage. These findings support a noncell autonomous, excitotoxic contribution from proprioceptive sensory neurons that modestly accelerates disease onset in inherited ALS.
cytoplasmic dynein ͉ excitotoxicity ͉ noncell autonomous ͉ sensory neurons T he most prominent adult motor neuron disease is amyotrophic lateral sclerosis (ALS), characterized by progressive degeneration and death of motor neurons, which causes muscle weakness, stiffness and paralysis, and ultimately death. Mutations in superoxide dismutase (SOD1) have been linked to 10-20% of inherited ALS cases (1) and when expressed in mice produce progressive, fatal paralysis through a noncell autonomous mechanism from mutant-mediated damage developed within multiple cell types including motor neurons, astrocytes, and microglia (2) (3) (4) (5) .
Motor neurons, the cell type whose death directly underlies paralysis in ALS, are among the largest, most asymmetric cells, properties that require maintenance of bidirectional axonal transport. Cytoplasmic dynein is the major motor protein that alone or in combination with the cargo-binding dynactin complex transports endocytic vesicles, mitochondria, etc. back to the cell body. Mutations in cytoplasmic dynein have not been found in ALS patients (6, 7) . However, two N-terminal point mutations in cytoplasmic dynein (Loa and Cra) have been reported to delay disease in mice that develop ALS-like disease from expression of ALS-linked mutation SOD1
G93A (8, 9) . Extension of survival was surprising because the dynein mutant mice were also reported to have muscle tone and motor function deficits and cultured Loa motor neurons showed reduced retrograde transport (10) . Both would have been predicted to exacerbate, not reduce, damage within motor neurons.
To determine whether extension of survival by dynein mutations is common to multiple ALS-causing SOD1 mutants of different biochemical characters, mice heterozygous for the Loa mutation have been mated to two additional models expressing the dismutase active SOD1 G37R and the dismutase inactive SOD1 G85R . Mutant SOD1 is known to cause disease independent of its dismutase activity, thus our strategy aimed to test whether dynein mutant-mediated disease extension was common to biochemically divergent SOD1 mutants. We report that (i) Loa mice develop an early postnatal loss of sensory axons including those responsible for proprioception, (ii) aging, but not the Loa mutation, underlies ␣-motor neuron degeneration in both normal and dynein mutant animals, and (iii) the Loa mutation modestly slows disease onset and early disease from SOD1 G93A , has a marginal slowing of onset in SOD1 G85R , and does not affect survival of a SOD1 G37R familial ALS model. Reduction of proprioceptive glutamatergic inputs to motor neurons coupled with modest delay of disease onset by the dynein mutation only in the ALS model with the most severe motor neuron loss (SOD1 G93A ) supports a noncell autonomous excitotoxic contribution from sensory neurons to pathogenesis in inherited ALS.
Results
Loa Mice Do Not Develop Mutant Specific ␣-Motor Axon Neurodegeneration. Loa animals were reported to develop mutantspecific motor neurodegeneration by 19 months of age (10) . We reexamined this to determine the timing of motor axon degeneration and loss. Examination of lumbar motor roots in young Loa heterozygous animals revealed a 10% reduction in the number of total motor axons beginning at the youngest age examined (1.5 mo) compared with congenic (C57/Bl6) wild-type mice (967 vs. 808 in the fifth lumbar motor root, Fig. 1 ). However, there was no loss of the large caliber (Ͼ3.5 m) ␣-motor axons (Fig. 1C ) that innervate muscle. Rather, ␥-motor neurons (Ͻ3.5 m) that synapse onto muscle spindles instead of onto skeletal muscle were reduced to 55% of their normal number even at the youngest age examined (1.5 months; Fig. 1B ) without a further loss during aging up to 22 months (Fig. 1C , white bars). Age-dependent loss of ␣-motor axons was seen in normal, aged animals (22 months) [consistent with a subclinical demyelinating neuropathy in aged C57/Bl6 mice (11) ], but the Loa mutation did not produce a significantly enhanced loss of these axons at any age point ( Fig. 1 B and C, black bars) (for example, at 22 months; Loa, 569 Ϯ 66 and WT, 538 Ϯ 87, P ϭ 0.71; Fig. 1B ).
Loa Mice Develop Substantial Sensory Axon Drop Out from an Early
Postnatal Age. Despite the absence of accelerated loss of ␣-motor axons in Loa mice, dramatic reduction in the total number of myelinated sensory axons was readily apparent beginning in the youngest animals and continuing through 22 months of age ( Fig.  2A) . For example, in wild-type littermates the L5 sensory root contained an average of 2185 Ϯ 147 myelinated axons (n ϭ 3), but Loa animals had only 40% of that number (879 Ϯ 150, n ϭ 4, P ϭ 0.007; Fig. 2B ). In normal mice, measurement of the sensory axonal diameters revealed a distribution of sizes that peaked at 1.5 m (Fig. 2B) . The overall calibers in Loa animals were very similar, with the most frequent diameter again of 1.5 m, but the number of axons was smaller in all diameter classes. Examination of the other two sensory roots whose axons contribute to the sciatic nerve (L4 and L6) also showed comparable axonal loss in Loa animals at all ages (data not shown).
Additionally, in normal animals age-dependent radial growth led to a substantial (5-fold) increase in the number of larger (Ͼ5 m) diameter sensory axons with age (for example, compare 1.5 and 6 months; Fig. 2B ). In contrast, in Loa animals the number of these large diameter (Ͼ5 m) sensory axons was only one-fourth the number in wild-type mice up to 15 months, indicating a sustained loss of most of the largest caliber sensory axons. Additionally, there was also loss of small caliber (Ͻ5 m) axons in Loa animals, with fewer than half as many as in wild-type animals at all ages (Fig. 2C) . Examination of the number of L5 dorsal root ganglion neurons similarly showed loss of both large-and small-sized neurons (data not shown).
Pain and Temperature Sensation Are Not Affected in Loa Animals.
Given the loss of 60% of all size classes of myelinated sensory axons early in life in Loa animals, we tested for whether this loss affected those involved in sensing temperature (thermoception) or pain (nocioception). Five-month-old normal or Loa animals were tested for the time required to react to a heated surface. Thermal latencies for Loa animals (8.6 Ϯ 1.1 seconds; n ϭ 8, 4 males and 4 females) did not differ from congenic, age-matched Motor coordination (tested in the same groups before the sensory assays reported above) in Loa and wild-type mice was measured by an accelerating rotarod (Fig. S1C ). Relative to wild type, Loa animals showed reduction by half of the time that they remained on the rod (1.6 Ϯ 0.8 min for Loa (n ϭ 8); 3.1 Ϯ 0.9 min for wild-type mice (n ϭ 6), P Ͻ 0.0001, Fig. S1C ). Similar analyses for grip strength for both front and hind limbs revealed that Loa animals had significantly compromised strength (30% loss for front limbs; 65% for hind limbs) (Fig. S1E) . Strikingly, in the assays for hind limbs, the Loa animals frequently seemed unaware of the presence of the wire when using their back paws (that is, the animals were faced away from the instrument and frequently did not spontaneously curl their toes around the wire without assistance from the investigator).
Walking gait was assessed using a computer-assisted catwalk in which the positioning of each of the four limbs during multiple steps was recorded. The distance between the two front paws (base of support) was Ϸ10% wider for Loa animals (24.7 Ϯ 2 mm, n ϭ 7) compared to wild-type littermates (22.2 Ϯ 1.3 mm, n ϭ 7), a difference that was statistically significant (P ϭ 0.03). Similarly, the base of support for the two hind paws was increased even more substantially (41.9 Ϯ 5.5 mm for Loa versus 36 Ϯ 3.5 mm for wild type, P ϭ 0.04, Fig. S1D ). All other parameters recorded and analyzed (including surface area of paw contact, swing duration, paw angle, etc.) were not distinguishable between the genotypes.
Loss of Proprioceptive Axons at Birth and Absence of Spinal Mono-
synaptic Reflex in Loa Mice. The loss of 60% of sensory axons, combined with reduced grip strength and coordination, wider base of support, and preserved temperature and pain sensation, pointed to the possibility of substantially compromised proprioception, known to be provided by the largest caliber sensory axons (12, 13) . As a direct test for reduced proprioceptive inputs in the mutant dynein mice, lumbar spinal cords from homozygous or heterozygous Loa animals or congenic C57/Bl6 wild-type littermates were examined. To do this, we exploited the finding that between postnatal day 1 and 5 (P1-P5) parvalbumin is expressed mainly by type Ia large (Ͼ5 m) proprioceptive sensory axons (Fig. S2 A) that form the afferent part of the monosynaptic stretch reflex. Compared to wild-type animals ( Fig. S2B) , there was a marked reduction in parvalbumin positive axons entering the dorsal spinal cord in Loa heterozygous animals (Fig. S2C ). Similar analysis in Loa homozygotes revealed a complete absence of these axons (Fig. 2D) , demonstrating a dose-dependent sensitivity of these proprioceptive axons to the dynein mutation.
To test whether the Loa-dependent loss in heterozygous animals significantly diminished proprioceptive axonal function, we examined the stretch reflex (formed by Ia afferents and ␣-motor neurons, Fig. S2E ) in adult heterozygous Loa mice. We stimulated the tibial nerve with increasing intensities. In normal mice, a submaximal stimulation (at 0.3-0.5 mA) resulted in a correspondingly submaximal muscle action potential elicited by a signal traveling directly along ␣-motor axons to the muscle (producing an M-wave). This was then followed by a muscle action potential elicited by a signal that traveled along Ia sensory afferents and then along the motor axons (producing an H-wave, Fig. S2F ). In Loa animals an H-wave could not be recorded at any stimulus amplitude, despite generation of an M-wave similar to that recorded in wild-type mice (Fig. S2 G and H) , demonstrating the absence of functional proprioceptive axons in this circuit.
Loa Delays Disease Modestly in SOD1 G93A , Marginally in SOD1 G85R , and Does Not Affect Disease in SOD1 G37R Mice. Earlier studies with mice in a mixed genetic background (including differing proportions of SJL, C3H, and C57/Bl6) had reported extension of survival of one mouse line after combining the Loa mutation with a mutation in SOD1 that generates ALS-like disease from expression of mutant SOD1 G93A (8, 14) . We reexamined this outcome in a congenic background to eliminate potential confounding influences from other genetic contributors and extended the analysis to two additional ALS-causing SOD1 mutants SOD1 G85R and SOD1 G37R . Initially, Loa heterozygous animals were crossed to C57/Bl6 animals for 8 generations and then mated to SOD1 G85R , SOD1 G37R , and SOD1 G93A , all in C57/Bl6 backgrounds. Because of the proprioceptive deficits in the Loa mice (reflected in diminished rotorod performance and grip strength initiating early in life), these measures were not used to follow disease onset or progression. Instead, mice were weighed weekly and the weight curve of each mouse was used to establish earliest disease onset (determined retrospectively by maximal weight before denervation-mediated muscle atrophy) and an early symptomatic disease stage disease (defined by 10% weight loss).
Mating the Loa mouse to SOD1 G93A on the homogeneous C57/Bl6 background did significantly extend survival in the presence of the SOD1 G93A mutant, albeit only by a relatively modest 13 days (P ϭ 0.002, Fig. 3 B and C) . This extension resulted from delay in onset and the early symptomatic disease stage, with no slowing of later disease progression. Crossing heterozygous Loa animals to mice that generate fatal paralysis from expression of the dismutase inactive SOD1 G85R also delayed disease onset by 16 days relative to congenic littermates expressing SOD1 G85R . The presence of the Loa mutation extended survival of the SOD1 G85R mice by 22 days compared to SOD1 G85R littermates (Fig. 3 F-H) . However, in light of the latter, more heterogeneous onset in this line, neither the apparent delay in onset nor extension in survival conferred by the presence of the Loa mutation were statistically significant (P ϭ 0.4 and P ϭ 0.07, respectively). A similar congenic mating of Loa with mice expressing the fully dismutase active mutant SOD1 G37R also produced no statistically significant changes in either disease onset or progression ( Fig. 3 J and K) .
Loa-Mediated Slowing of Disease Only in the SOD1 Mutant Mouse
with Highest Motor Neuron Loss. The large caliber proprioceptive axons largely establish direct glutamatergic synapses with ␣-motor neurons (12) . Loa-dependent loss of three-fourths of these would, therefore, reduce overall glutamatergic input to ␣-motor neurons. Because loss of glutamate transporter activity has previously implicated glutamate-derived excitotoxicity as a component of both sporadic and inherited ALS (15) including in rodent models of the SOD1 G93A -mediated disease (16), the benefit from Loa in slowing disease for this mutant might reflect a greater glutamate-driven excitotoxic component from SOD1 G93A than in disease from the two mutants for which Loa provided little or no benefit. We, therefore, applied two tests for a differential excitotoxic component in these three mouse models of SOD1 mutant-mediated ALS. First, we measured levels of EAAT2/GLT-1, the major glutamate transporter within the spinal cord (15) . In membrane fractions prepared from symptomatic spinal cords of SOD1 G93A mice, EAAT-2 levels were reduced to 25% of that in control C57/Bl6 animals (Fig. 4) . Comparable reduction in EAAT-2 (and presumably of glutamate transport activity) was also seen in all three mutant mice (SOD1 G37R , SOD1 G85R , and SOD1 G93A ), implicating reduced synaptic clearance of glutamate in all three models.
Second, because an excitotoxic mechanism would be expected to drive an enhanced rate of motor neuron death from repetitive firing of calcium permeable glutamate receptors (17) , the number of surviving motor neurons at disease end stage was determined in all three mouse models. SOD1 G85R and SOD1 G37R mice both reached end stage with only about half the number of motor neurons found in normal mice (9.0 and 10.2 neurons per section vs. 23.6 in wild-type mice; Fig. 5 ). SOD1 G93A animals reached end stage with a significantly (35%) higher loss of motor neurons (Fig. 5 A and B) . The enhanced motor neuron loss in SOD1 G93A relative to the other pair of SOD1 mutant mice was highly statistically significant (P Ͻ 0.0001 for both SOD1 G85R and SOD1 G37R ). While combination with the Loa mutation had no effect on the number of surviving motor neurons in either SOD1 G85R or SOD1 G37R , Loa significantly increased surviving motor neurons at end-stage disease from SOD1 G93A . Thus, the Loa dynein mutant, accompanied by reduced glutamatergic inputs from sharply reduced proprioceptive sensory axons synapsed onto motor neurons, extended survival only in the SOD1 mutant mouse with the most extensive SOD1 mutant-dependent motor neuron death (Fig. 5B) .
Discussion
While Loa heterozygous mice have previously been proposed to develop age-dependent motor neuron loss, we have found no ␣-motor axon degeneration at any age point. Rather, the dynein mutation causes a sensory axon deficit, especially of the large proprioceptive (type Ia) axons, plus a diminished number of surviving ␥-motor axons that innervate muscle spindles. The sensory deficit emerges early in life, probably ref lecting a developmental loss and does not progress with age.
␥-Motor axons and the large proprioceptive sensory axons convey information to and from the muscle spindles-a muscle stretch receptor. Together, they function to maintain muscle tone, adjusting posture and movement and creating a sense of position (proprioception). Deficits in exactly those functions would readily explain the Loa phenotype that gave rise to the name of the mutant line: legs at odd angles. The initial loss of ␥-motor neurons would diminish the ability to adjust muscle spindle length and the lack of information about the length and position of the muscle (because of the loss of proprioceptive axons) would result in deficits in motor tests of coordination and Comparable loss of the major astrocytic glutamate transporter EAAT-2 during disease course in SOD1 G37R , SOD1 G85R , and SOD1 G93A mice. (A) Membrane fractions from spinal cords of end-stage SOD1 G37R , SOD1 G85R , SOD1 G93A , and control C57/Bl6 mice were prepared and analyzed by immunoblotting with antibodies to EAAT2 or ␤-actin. All three mutant lines show comparable reduction of EAAT-2 levels to ϳ25% of normal for both the monomeric and dimeric forms. Equal protein loading was verified by blotting for actin. (B) Quantitation of EAAT-2 levels from (A). strength. Because pain and temperature sensation are reported by unmyelinated and small myelinated sensory fibers, the most plausible view is that either the 2-fold reduction in myelinated sensory axons did not reach a threshold required for thermoception or nocioception sensory impairment or that the early developmental loss allowed for early rewiring of the remaining axons.
The molecular mechanism underlying selective sensory neuronal loss is not established, but an unusual reliance on neurotrophic support delivered from the periphery toward the cell bodies of type Ia sensory neurons is a plausible possibility, especially during one or more critical developmental times. A likely candidate is neurotrophin-3, which when deleted leads to a selective loss of proprioceptive afferents and muscle spindles, accompanied by an early postnatal death (13) , similar to that seen in homozygous Loa mice (10) .
More importantly, how can the dynein mutation extend the survival of SOD1 G93A mutant animals but not other SOD1 mutant mice? An initial suggestion was that in the context of mutant SOD1 mutant dynein restores a SOD1 mutant-derived deficit in retrograde transport (8) . If it were the case, however, all of our mutant SOD1 crosses to Loa (all in a homogenous genetic background) would have been expected to yield extended survival, an outcome found to be false. On the other hand, toxicity from the ubiquitously expressed SOD1 mutants is noncell autonomous [as established by multiple efforts for both the SOD1 G93A and SOD1 G37R mutants (2-5)], with mutant damage developed both within the target motor neurons and their nonmotor neuron neighbors. Loss of proprioceptive sensory axons and their glutamatergic inputs extends survival only in the mouse model (SOD1 G93A ) with the most prominent motor neuron death. Loa-mediated extension of survival was achieved by delayed disease onset, without slowing progression after onset. This is consistent with mutant dynein acting within motor neurons, as SOD1 mutant damage within motor neurons is a primary determinant of the timing of disease onset, but not progression (3). Neuronal death likely reflects a significant excitotoxic component derived from a combination of mutant damage to astrocytes (which lose glutamate transporters and their activity) and more direct damage within motor neurons. An excitotoxic mechanism would be expected to drive an enhanced rate of motor neuron death from repetitive firing of calcium permeable glutamate receptors.
Because the SOD1 G93A mutant provokes the highest level of motor neuron death, an attractive hypothesis is that the Loamediated benefit to the SOD1 G93A mouse is through Loa reduction in glutamatergic input from lost proprioceptive sensory axons, coupled with a preferential effect of mutant SOD1 G93A damage within motor neurons that makes them ultrasensitive to excitotoxicity and the subsequent triggering of caspase-mediated death (18) . Whatever the case, our effort here redefines Loa as a model of proprioceptive sensory, rather than motor, neuron loss and supports the hypothesis that the extension of survival in SOD1 mutant models of inherited ALS likely results, at least in part, from decreased sensory excitatory glutamatergic inputs.
Materials and Methods
Loa mice backcrossed to the C57/Bl6 background for 8 generations (n ϭ 16) were mated to male SOD1 G37R (line 42, n ϭ 7), SOD1 G85R (line 148, n ϭ 10), and SOD1 G93A (B6.Cg-Tg (SOD1-G93A) 1Gur/J, n ϭ 2) mice, all of them also in congenic C57/Bl6 backgrounds. Progeny were genotyped for the Loa mutation in dynein heavy chain (DHC) (10) and the SOD1 transgene (19) by PCR of tail DNA. Each mating produced mice of 4 genotypes: wild type, Loa, SOD1, and Loa/SOD1. At weaning age, as previously reported for the SOD1 G93A /Loa cross (20) , double heterozygous SOD1/Loa were not present in the expected Mendelian ratio of 25% ( 2 analysis demonstrated that the low frequency of SOD1/Loa animals was significant, P ϭ 0.012).
Additional materials and methods are discussed in SI Materials and Methods.
